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Assessments of flood exposure and risk are usually conducted for individual events
with a specific peak water level and hydrograph, without considering variations in the
temporal evolution (duration and intensity) of storm surges. Here we investigate the
influence of temporal variability of storm surge events on flood characteristics in coastal
zones, namely flood extent and inundation depth, and assess the associated flood
exposure in terms of affected properties for the case of the municipality of Eckernförde,
Germany. We use a nested hydrodynamic model to simulate five physically plausible,
stochastically simulated storm surge events, with peak water levels corresponding to
a univariate return period of 200 years and varying intensities. In a second step, the
events are also combined with high-end sea-level rise projections corresponding to the
RCP 8.5 scenario to analyze if the influence of temporal variability changes with rising
sea-levels. Results show differences exceeding 5% in flood extent when comparing
storm surges with the highest and lowest intensities. The number of properties exposed
differs by approximately 20%. Differences in mean and maximum inundation depths are
approximately 5%, both with and without sea-level rise. However, deviations in flood
extent increase by more than 20%, depending on the sea-level rise projection, whereas
differences in the number of exposed properties decrease. Our findings indicate that the
temporal variability of storm surges can have considerable influence on flood extent and
exposure in the study area. Taking into account that flood extent increases with rising
sea-levels, we recommend that uncertainty related to the temporal variability of storm
surges is represented in future flood risk assessments to ensure efficient planning and
to provide a more comprehensive assessment of exposed infrastructure and assets.

Keywords: storm surge, temporal variability, coastal flooding, extreme sea levels, Eckernförde Bay

INTRODUCTION

Coastal flooding due to extreme water levels constitutes a major hazard for coastal systems and
low-lying areas (Vousdoukas et al., 2018). Such flooding events are likely to become more frequent
under sea-level rise on global and local scales, which contributes to an expected increase in the
intensity and probability of extreme water levels over the next decades (Church et al., 2013; Arns
et al., 2017; Wahl et al., 2017; IPCC, 2019). Furthermore, coastal zones are heavily populated areas
which attract many people and are therefore characterized by higher rates of population growth
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and urbanization in comparison to landlocked regions
(Wong et al., 2014; Neumann et al., 2015). This results
in an increased exposure of people and assets to coastal
flooding. Managing coastal flood risk is a crucial aspect
of adapting to these challenging developments, and is
becoming increasingly important for coastal communities
(Wadey et al., 2015; Vousdoukas et al., 2016). To obtain
sustainable adaptation solutions, coastal management strategies
must take climate change, socio-economic development and
urbanization into account.

Analyzing coastal flood risk requires quantifying damages
associated with specific return water levels (Stewart and Melchers,
1997). This is commonly done by means of inundation modeling.
However, a number of uncertainties arise during this process,
and it is important that they are quantified and communicated
to policy-makers (Teng et al., 2017). First, uncertainties arise as
a result of the methods used to model inundation, the specific
model used and the model parameters (Wahl et al., 2017).
A number of different model types and methods are available
for use in flood risk assessments, depending on factors such as
scale, investigation focus, application purpose, data availability,
computing capacity, location characteristics, and others. 2D-
hydrodynamic models, which simulate water propagation
according to certain physical properties, have gained much
attention in recent years (Néelz and Pender, 2013). These models
are able to simulate water velocity, flood extent and inundation
depth with high accuracy, which is an important requirement
for flood risk assessment and management. However, due to
their high data and computational requirements, they are mostly
applied at local scales. For large-scale applications simplified
conceptual models can be used, which calculate inundation
based on simplified hydraulic concepts (Teng et al., 2017). These
approaches, such as the bathtub method or simple hydrodynamic
models, are less accurate than 2D-hydrodynamic models but
require far less resources for computation. A comparison of
different types of models that are applicable on a large scale can
be found in Vousdoukas et al. (2016).

A second source of uncertainty is the estimation of return
water levels, which is affected by the length of available
water level records. These records are often limited to a
few decades and may not contain events of exceptional
magnitude. Consequently, return water levels can be significantly
underestimated (Dangendorf et al., 2016). In addition, flood risk
analyses typically only consider the peak water level of extreme
events, and do not consider the effect of other storm surge
parameters, such as duration or variability (Wahl et al., 2017).
In particular, the temporal variability of extreme sea level events
can result in large uncertainties in the estimation of flood impact
(Quinn et al., 2014; Santamaria-Aguilar et al., 2017). Despite the
ability of hydrodynamic models to account for water propagation
and inundation during a complete storm surge curve, temporal
variability typically is disregarded in flood risk analyses (Gallien
et al., 2014). Such models are commonly forced by water level
time-series of past extreme events, or an upscaling of such events
to specific return water levels (Santamaria-Aguilar et al., 2017).
Therefore, the modeled inundation is only representative for a
specific event. Care must be taken as disregarding uncertainties

arising from estimates of extreme water levels, storm surge
variability and model application can lead to inadequate coastal
risk management (Quinn et al., 2014; Santamaria-Aguilar et al.,
2017). Therefore, a variety of possible extreme water levels
with temporal developments typical for the investigated area
are required to account for the range of uncertainties and to
produce a more accurate risk assessment. One approach to
generate a sufficient number of extreme water level events is
outlined in Wahl et al. (2011), who developed a method to
stochastically simulate large numbers of extreme water level
curves at two locations in the North Sea, Cuxhaven and Hörnum,
based on observed events. This approach is further developed
by MacPherson et al. (2019) and applied along the micro-tidal
German Baltic Sea coast, generating artificial events at 45 tide
gauge stations. The model contains three methodological main
steps; identification of extreme events within water level records,
parameterization of each identified event, and the generation of
artificial events using Monte-Carlo Simulations.

This study assesses the influence of the temporal variability
of storm surges on flood characteristics in coastal zones for the
case of the city of Eckernförde. For this analysis, five statistically
simulated storm surge events generated by MacPherson et al.
(2019) are simulated using the hydrodynamic model Delft3D
(Deltares, 2018). To analyze variations in flood extent and
inundation depth due to temporal variability, each event has
the same peak water level corresponding to a univariate return
period of 200 years but with varying durations and intensities,
which we chose artificially to the specified return period.
Intensity is hereby defined as the area between the water level
curve and a pre-defined threshold, in this case, mean sea-
level. Additionally, we consider one sea-level rise projection to
examine the effect of higher mean water levels on deviations
in both flood characteristics and exposure due to storm surge
temporal variability. The paper is structured as follows: the
characteristics of the study area as well as the model and
the data used for the analysis are described in section “Study
Area and Data”; the applied model setup and the generation
of the simulated scenarios are outlined in section “Materials
and Methods”. The results of the study are presented in section
“Results” and discussed in section “Discussion”. Last, the most
important findings are provided as concluding statements in
section “Conclusion”.

STUDY AREA AND DATA

Study Area
Eckernförde Bay is located in the south-west Baltic Sea in Kiel
Bay and has a length of approximately 16 km (Figure 1). The
shallow, elongated bay was formed during the last glacial period
(Hofstede, 2008). Its topography is mostly characterized by a
gradual coast and low-lying coastal areas with elevation below
10 m referenced to the vertical datum DHHN92 and a maximum
elevation of approximately 50 m in the hinterland. The south-
eastern coastline of the bay consists of cliffs. The tidal range in
the Baltic Sea is small (less than 10 cm) and major variations
in water levels are mostly defined by large scale atmospheric
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FIGURE 1 | Location of the study area Eckernförde Bay and computational domain of the nested model setup in Delft3D including the tide gauges and the open
boundaries of the coarser and the nested model. Bathymetry is displayed in shades of blue and land surface is displayed in green to red colors. The coastal
boundary runs along NHN.

pressure and wind (Gräwe and Burchard, 2012). Extreme water
levels are mainly influenced by strong north-easterly winds,
but seiches acting over the entire Baltic Sea may contribute
several decimeters as well (Jensen and Müller-Navarra, 2008).
The municipality of Eckernförde has experienced several extreme
flood events in the past. The highest event recorded reached
3.15 m above mean sea-level during the 1872 storm surge (WSA
Lübeck, 2017), approximately 1 m higher than all following
events. The storm surge resulted in 271 fatalities and represents
the beginning of systematic planning of flood defenses and
protection measures at the Baltic Sea coast in Schleswig-Holstein
(Hofstede, 2008).

The city of Eckernförde has a population of 22,031 inhabitants
(status 30.09.2017, City of Eckernförde) and is situated at
the western tip of Eckernförde bay in Schleswig-Holstein, the
northernmost federal state of Germany. As a Baltic Seaside resort,
it is a popular tourist location in the region. Although there
is a certain level of coastal defense measures, such as dikes
along the federal road or bulkheads, and the area is protected
against moderate storm surges, parts of the city are vulnerable
to low-frequency, high-magnitude events (PROKOM GmbH,
2017). This is especially true for the city center where economic
activities and population are concentrated and elevation is low
(large areas beneath 5 m elevation). Martinez and Bray (2011)
analyzed the awareness of political decision-makers regarding
climate change and possible adaptation in the German Baltic
Sea region. Although there is certain recognition of climate
change and sea-level rise, knowledge is lacking on how to use the
information for appropriate adaptation responses.

Flood risk assessments in Schleswig-Holstein are conducted
by simulating flood events using site-specific water levels. As
safety standards for coastal protection measures, the federal state
uses water levels with a 200-year return period and adds 0.5 m
to account for sea-level rise (Ministerium für Energiewende,
Landwirtschaft, Umwelt und ländliche Räume des Landes
Schleswig-Holstein, 2012). However, the temporal evolution of
storm surge events, namely differences in storm surge intensity

and duration, are not considered and methods to account for this
aspect are not described. On behalf of the city administration
of Eckernförde, a master plan to develop an integrated coastal
zone management program was published in 2017 (PROKOM
GmbH). This plan includes strategies for protecting the coast
of the Eckernförde Bay against future floods, and suggests flood
protection walls as the main strategy of protection.

Data
Data preparation and processing for the hydrodynamic
simulation was performed in ArcGIS (10.3.1), Delft Dashboard,
R-Studio (1.1.423), and Matlab (R2016b). The following
datasets are used as a basis for the model setup and further
analysis (Table 1).

Water level data were used for model boundary forcing and
for the calibration and validation of the model setup. We use
data measured at two tide gauges (TG) located in the area of
Eckernförde Bay, TG Eckernförde which is located in the harbor
of Eckernförde, and TG LT Kiel, located approximately ten
kilometers to the east (Figure 1). Water level time series for both
tide gauges was provided by “Wasserstraßen- und Schifffahrtsamt
Lübeck“ (WSA Lübeck) department of “Wasserstraßen- und
Schifffahrtsverwaltung des Bundes” (WSV). The hourly records
cover a time period of 27 years from the 1st November 1990
until the 31st October 2017. Furthermore, the Digital Landscape
Model (DLM) is used to structure the study area according
to different land uses and land covers. We prepared a bottom
roughness map with spatially varying Manning’s roughness
coefficients as the landscape characteristics of the floodplain are
important for the water propagation.

For the final simulations we use five events of the artificial
events stochastically generated by MacPherson et al. (2019) which
are based on the LT Kiel and Eckernförde tide gauge records.
Here, extreme events are identified within the tide-gauge records
and characterized according to a number of specific parameters,
such as peak water level, event duration, storm surge shape, etc.
By modeling parameter dependencies using a Gaussian copula,
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TABLE 1 | Summary of data.

Data Data characteristics Source

Digital elevation model (DEM) 5 m resolution Landesamt für Vermessung und Geoinformation Schleswig-Holstein, 2018

Bathymetry 50 m resolution Geoseaportal (Bundesamt für Seeschifffahrt und Hydrographie, 2005)

Water level time series (Eckernförde / LT Kiel tide gauges) hourly frequency Wasserstraßen- und Schifffahrtsverwaltung des Bundes

Digital landscape model (DLM) 1:50 000 scale ATKIS (Landesamt für Vermessung und Geoinformation Schleswig-Holstein, 2018)

Infrastructure 1:1.000 scale ALKIS (Landesamt für Vermessung und Geoinformation Schleswig-Holstein, 2018)

a large number of artificial events may be generated through
Monte-Carlo Simulations, each as a time series of water levels
referred to as hydrographs. From the tide gauge record of LT Kiel,
no event corresponding to a return period of 200 years is present.
However, using the stochastic model developed by MacPherson
et al. (2019), several such events are generated. We selected five
events for our study, with peak water levels corresponding to a
200 year return period and a range of intensities.

MATERIALS AND METHODS

Hydrodynamic Model
Hydrodynamic models are a common tool used in simulating
detailed flood dynamics. In this study, we use Delft3D-FLOW,
a module of the Delft3D computational program created to
simulate processes related to flow, sediment transport, waves,
water quality, etc. for coastal, river and estuarine areas (Deltares,
2014). The FLOW module is a complex, multi-dimensional
hydrodynamic model which can be used for 3D-simulations
or 2D-simulations (depth averaged) where flow and transport
phenomena are solved using the unsteady shallow water
equation. In this analysis, we use a 2D-model to calculate flow
on a Cartesian rectilinear grid.

Model Setup, Calibration and Validation
A rectilinear model grid of Eckernförde Bay (approx. 119.63 km2)
was constructed with a resolution of 50 m (Figure 1). This model
is forced with water levels at the open boundary using data
from the tide gauge LT Kiel. For a more accurate representation
of inundation in the city of Eckernförde, we constructed a
second nested model grid of the western bay area (approx.
20 km2) with a resolution of 10 m. This nested model is
forced with parameters extracted from the coarser model.
Running one high resolution model over the whole domain is
not feasible due to computational restrictions. Modeled water
levels are recorded in 3 min intervals at select locations, most
importantly at the location of the tide gauge Eckernförde (see
blue lines in Figure 2) which is used for model calibration.
Simulations run for periods of 34–100 h depending on the
simulated event. Computational time steps are defined based
on the CFL number. This results in a time step (at which
stability is still given) of 18 s for the overall model and 1.8 s
for the detailed model. The focus of this study is the area
covered by the nested model, where the city of Eckernförde
is located. Therefore, the output of the coarse model is not

further analyzed, and is used only for boundary forcing of the
high-resolution nested model.

We calibrate the model using two observed storm surge
events which occurred in November 1995 and January 2017. To
determine the performance of the model, modeled water levels
at TG Eckernförde were compared to observations using root
mean square error (RMSE) and model skill (Willmott, 1984). The
calibrated model performs well with a RMSE of 0.117 m and
0.061 m, and model skill of 0.988 and 0.998 for the 1995 and
2017 events, respectively. Here, a model skill of 1 would suggest
perfect correlation and 0 no correlation. The model slightly
underestimates the peak water level by 10 cm, most likely due
to the lack of atmospheric forcing (Figures 2A,B). Atmospheric
forcing is not considered as the final simulations will be based on
artificial water levels, where no observed/simulated atmospheric
data exists. Overall, the model simulates water levels with high
accuracy and we therefore consider the setup of the model to be
suitable for the study area.

Validation of flood extent and depth is challenging due
to a lack of observations. There exists no record or exact
documentation of these parameters, for example via pictures
(on social media) or remote sensing. Nevertheless, a comparison
of several newspaper articles on the January 2017 event allows
for the calculation of flood extent. Here, the storm surge
reached a maximum water level of 1.625 m above NHN (WSA
Lübeck). This led to a filling of the harbor basin at the end
of the bay and to minimal overtopping. Based on newspaper
articles, there were two critical points at both sides of the
harbor where the quay wall was overtopped. However, personnel
responsible for the emergency action protected buildings with
sandbags so that damages were avoided and buildings were
not affected (Kühl, 2017; Rohde, 2017; Technisches Hilfswerk
Ortsverband Eckernförde, 2017). We compare modeled flood
extent with that estimated using the descriptions and photos
in the newspaper articles as a method to validate the model.
Here, we see basic agreement between the exposed buildings
named in the articles (e.g., “Hotel/Restaurant Siegfried-Werft”
and “Yachtsport-Geschäft Nielsen”) and those buildings which
intersect the modeled flood extent (Figure 3).

Land Use Classification and Manning’s
Roughness Coefficients
The propagation of water in the model is highly influenced by
the characteristics of the Digital Elevation Model (DEM) and
the roughness of the surface. Surface roughness, induced for
example by the presence of vegetation, causes flow resistance
and leads to reduced current velocities (Mignot et al., 2006).
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FIGURE 2 | Comparison of observed and simulated water levels November 1995 (A) and January 2017 (B) at the tide gauge Eckernförde.

A common approach in estimating the bottom friction within
flood simulations is the attribution of specific coefficients to land
use types and land cover. One of the most widely used coefficients
for flow computation is the Manning’s roughness coefficient
(Garzon and Ferreira, 2016). Therefore, a map with spatially
varying Manning’s roughness coefficients according to land use
classes is included in the simulation. Common Manning values
are obtained from published literature (Fisher and Dawson,
2003; Phillips and Tadayon, 2006; Hossain et al., 2009; Oregon
Department of Transportation, 2014; Garzon and Ferreira, 2016).
We performed five model runs in order to investigate the
sensitivity of the model to changes in the roughness parameter

using the five parameterizations described in the following
paragraph (Table 2).

The land use classification in this analysis is based on ATKIS
data categories, which are grouped into classes (Table 2). The
second column shows a mean value of the Manning coefficients
found in the reviewed literature for every land use class. Since
the range of the recommended values for some classes (forest,
urban, wetland) is large, additional simulations with the lowest
and highest value (Table 2 column 3 and 4) for these classes are
performed. Some studies also use a uniform value representative
for the whole study area or only differentiate between land and
water areas (Quinn et al., 2014; Garzon and Ferreira, 2016).
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FIGURE 3 | Simulated flood extent for the January 2017 storm surge.

Therefore, two additional setups are tested. The first setup consist
of a uniform roughness value (0.025) for the entire model
domain, while the second uses a uniform value (0.035) for
all land surface areas combined with a separate value (0.025)
for water surfaces.

Model Simulations
To test the effect of temporal variability on flood extent, the
model is forced using water levels from extreme sea-level
hydrographs generated stochastically. The temporal variability
of the storm surge is described by the storm surge intensity.
Five hydrographs of the stochastically simulated events from
MacPherson et al. (2019) at the tide gauge LT Kiel are

used as boundary conditions in the hydrodynamic simulations
(Figure 4). Each storm surge event reaches a peak water level
which is equally probable (return period of 200 years: 1.98 m), but
with varying durations and intensities (see Table 3 and Figure 4).
Waves are not considered in this study as we focus on the effect
of storm-surge temporal variability on inundation.

We also consider a number of simulations where future sea
level rise is accounted for by manually adjusting the heights of
the artificial hydrographs. However, there is high uncertainty
regarding the development and dimension of future sea-level
rise (Vermeersen et al., 2018). Hinkel et al. (2014) employed
a median global mean sea-level rise of 74 cm for RCP 8.5
(Representative Concentration Pathway) for the end of the 21st
century. In their analysis, the highest projected global mean sea-
level rise, comparing different models linked to different emission
scenarios, is 123 cm. Grinsted et al. (2015) calculated even higher
values for regional projections of 21st century sea-level rise in
northern Europe under RCP 8.5, which is in particular linked
to the different handling of uncertainties surrounding the future
ice-mass contributions. Based on the estimates of Hinkel et al.
(2014) related to the 95% quantile (upper bound) of global
mean sea-level rise under RCP 8.5 we used an artificial value of
1 m, which lies at the upper end of the IPCC’s AR5 projections
(Church et al., 2013).

RESULTS

Simulation of Hydrographs
This section presents the simulation results of the five
hydrographs with peak water levels corresponding to a 200-year
return period. Moreover, the results of the simulations combined
with 1 m sea-level rise are provided. The results and output
of Delft3D are post-processed in ArcGIS. The grid in Delft3D
is not oriented in a north-south direction but in the direction
of inflow into the bay. Since bathymetry and topography are
resampled to fit the depth point of the grid, there is a slight
shift in the data visible in the output. The width of the bay is
about one pixel longer, so the results are adjusted to the DEM by
identifying additional pixels which are classified as water (below
zero) in Delft3D but are above zero in the DEM. Inundation
depth for these pixels is calculated via interpolation with the
Inverse Distance Weighted (IDW) method. The pixels cover an
area of approximately five hectares along the coastline.

TABLE 2 | Manning’s roughness coefficients for land use classes.

Class Varying High Low Uniform Land/Water

Agriculture 0.035 0.035 0.035 0.025 0.035

Forest 0.125 0.250 0.080 0.025 0.035

Urban 0.080 0.400 0.050 0.025 0.035

Wetland 0.075 0.100 0.035 0.025 0.035

Water 0.025 0.025 0.025 0.025 0.025

Green urban areas 0.030 0.030 0.030 0.025 0.035

Fallow 0.025 0.025 0.025 0.025 0.035

Traffic 0.015 0.015 0.015 0.025 0.035
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FIGURE 4 | Five selected hydrographs [H1 (A), H2 (B), H3 (C), H4 (D), and H5 (E)] of the simulated storm surge events by MacPherson et al. (2019) for the tide
gauge LT Kiel.

TABLE 3 | Results for all five hydrographs with water levels corresponding to a 200-year return period and in combination with 1 m sea-level rise.

Hydrograph Duration o. NHN [h] Intensity [cm*min/1000] Flood extent [ha] Deviation [%] Buildings Mean flood depth [m] Example depth [m]

H1 73 505.112 21.38 – 60 1.006 0.214

H2 72 457.670 20.95 2.01 54 1.043 0.223

H3 53 359.468 21.25 0.61 56 1.034 0.243

H4 41 275.278 21.35 0.14 59 1.009 0.206

H5 23 152.689 20.10 5.99 49 1.003 0.147

+1 m sea-level rise

H1 97 1055.829 156.23 – 1192 0.960 1.149

H2 84 967.573 138.76 11.18 1156 0.906 1.139

H3 100 882.863 134.54 13.88 1161 0.939 1.160

H4 60 619.728 135.56 13.23 1168 0.925 1.154

H5 31 333.648 122.10 21.85 1048 0.923 1.109

Flood duration indicates the time in hours during which the water level is higher than “normal height zero” (NHN). Differences in flood extent are presented as a percentage
change from the first hydrograph.

Table 3 (upper part) shows the results for the flood extent
of the five simulated hydrographs. The intensity of modeled
storm surges decreases from H1 to H5 by approximately 70%.
However, despite this large change in intensity, variations in flood
extent between hydrographs is small (0.14–5.99%). The number
of exposed properties decreases from 60 to 54 when comparing
H1 and H2. There is a significantly larger but still small change
when comparing H1 and H5, with a reduction in flood extent of
approximately 6% and 49 properties exposed. When comparing
flood depth at a select point (see Figure 5), which experiences
flooding in all simulations, the largest variances in flood depth are
noticeable in H5, which is 6–9 cm lower compared to the other
hydrographs (Table 3 upper part). Overall flood depths during

the five simulations are very similar with similar mean values.
The maximum difference between mean values is small (4 cm),
which is true for all inundation depths over the whole range of
simulated values (Figure 6).

The effect of storm surge temporal variability on flood impact
is significantly larger when sea-level rise is considered (see Table 3
lower part). Firstly, there exists a large difference in flood extent
between H1 and the other hydrographs, decreasing by 11% to
H2 and 22% to H5. Differences in flood extent between H2, H3,
and H4 are small, with a maximum difference of approximately
four hectares. However, flood extent during H5 is approximately
10% less (13.5 hectares). These values are significantly higher
than those during simulations under present sea levels, which
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FIGURE 5 | Flood extent simulated with Delft3D for hydrographs with water levels corresponding to a 200-year return period (A) and in combination with 1 m
sea-level rise (B) in the city center of Eckernförde.

show differences in flood extent of no more than 1.3 hectares.
The number of affected properties when considering sea level
rise ranges from 1,192 in H1 to 1,048 in H5. Overall, changes in
inundation depth (mean and at the example point) are slightly
smaller during simulations with sea-level rise. In contrast, the
variances in extent are significantly larger.

Figure 7A illustrates the results for visual comparison. As the
differences are hardly visible at the presented scale only three of
five hydrographs are selected. Differences in extent are especially
visible at the western end of the bay in the harbor area, where the
majority of the buildings inside the flooded area are located. As
a consequence, the change in the number of buildings exposed
(ca. 18% decrease between H1 and H5) is larger than the change
in flood extent. This is shown in more detail in Figure 5, which
shows a close-up view of the city center of Eckernförde. Figure 7B
visualizes the results for the same hydrographs but with sea level
rise included in the simulations. Flood waters during H4 and H1
extend west of the city center (Figure 7B: yellow colored), where
land use classification show mostly green urban areas (allotment
gardens) and wetlands. Flooding which occurs only during H1
(Figure 7B: red colored) is mostly located around the Windebyer
Noor, an inland lake west of Eckernförde. Flood extent also
increases in areas inside the city center when comparing to H5.
Overall, for the simulations including sea-level rise, deviations in
the number of buildings flooded are smaller than the deviations

in extent, as variations in extent mostly cover areas which are not
classified as urban and thus have a lower density of buildings.

A large increase in flood extent due to sea-level rise can be
seen in Figures 5, 7. Whereas flood extent for a storm surge
with a 200-year return period is 21.38 ha (H1), and limited to
areas along the coastline, inundation extends further into the
city center and surrounding areas when 1 m of sea-level rise is
added. Here, water levels reach a peak of 2.985 m. In comparison
to simulations with no sea level rise, flood extent increases by
more than 500% (H5) to 630% (H1), resulting in a maximum area
of inundation of 156.23 ha. The number of affected properties
increases by a far greater rate from 60 to 1192 (H1). The southern
part of the model domain is less affected by these changes. Most of
the flooding appears in central parts of the model domain, around
and south of the narrowing end of the bay (city center), which
include mostly urban areas with a high density of buildings.
Furthermore, the inundation reaches into two depressions at the
northern side of the bay. Large areas in these parts experience
inundation depths over 1 m.

Sensitivity to Manning’s Roughness
Coefficients
Estimates of flood characteristics are not highly sensitive to
changes in the model’s roughness coefficients. Changes account
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FIGURE 6 | Flood depth for all hydrographs with water levels corresponding to a 200-year return period (A) and combined with 1 m sea-level rise (B) – The box
shows values between the upper (75%) and lower (25%) quartiles. The black line inside the box indicates the median. The whiskers extent to the maximum and
minimum.

for approximately 3% difference in flood extent (calculated by
number of pixels) (see Table 4) and around 2.75% in mean
inundation depth. The total range of inundation depth differs
by less than 1 cm. The largest differences occur when either
the highest or lowest Manning roughness coefficients are used
(Table 4). Modification of roughness coefficients based on the
three land use classes (forest, urban, and wetland) results in
a larger flood extent and smaller mean inundation depth for
low roughness values and smaller extent and larger mean
depth for high values. If mean values are selected, the use
of varying roughness values dependent on land use produces

similar results in terms of flood extent and depth to the two-part
classification, where coefficients were determined for only land
surfaces and water surfaces (see Table 4). Hence, the medium
varying roughness coefficients are used for further model setups.

DISCUSSION

Model Performance and Limitations
We have set up a model of Eckernförde bay capable of simulating
extreme water levels, including inundation due to extreme events.
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FIGURE 7 | Flood extent simulated with Delft3D for hydrographs with water levels corresponding to a 200-year return period (A) and in combination with 1 m
sea-level rise (B). The areas visualized in blue represent the flood extent of H5. The yellow colored pixels indicate the additional extent flooded in the simulation of H4
and H1. The red pixels display the extent only flooded in the case of H1.
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TABLE 4 | Flood extent in case of changes in roughness coefficients.

Roughness Flood extent [ha]

Varying 21.25

High 20.98

Low 21.62

Land/Water 21.25

Uniform 21.13

The model was validated at the Eckernförde tide gauge for two
storm surge events which occurred in November of 1995 and
January of 2017. RMSE and model skill for the two events indicate
that the model performs well in the study area. The use of a nested
model setup is a valuable tool to utilize datasets of two tide gauges
with a certain distance for calibration and validation, while still
obtaining detailed results for the areas of interest. The validation
of the model is based on the comparison of observed and modeled
water levels. Flood extent was validated using newspaper articles,
which provide a qualitative evaluation of the model results.
A more extensive validation of modeled flood extent and depth is
not possible due to a lack of inundation data, which is a common
problem when modeling inundation (Vousdoukas et al., 2018).
One option to validate inundation depth is to use social media
footage (e.g., photos and reports) with place and time signatures
taken during a storm surge event. In such a case, inundation
depth could be determined using reference objects, and used to
validate points in the model domain. There are few photos of
the storm surge event of 2017 available, as water overtopping
the quay wall was controlled. For previous events, no visual
documentation was found. Therefore, this validation procedure
was not possible.

The model is not sensitive to variations in surface roughness
coefficients in the study area. Mean varying Manning values
found in literature reviews as well as values bisecting the area in
water and land surfaces present good options. The latter might
be recommendable for study areas where land use information
is not available or only available at coarse resolutions. Since the
model is applied on a local scale, distances are relatively small.
If distances increase the sensitivity toward variations in surface
roughness coefficients are expected to be larger.

The available water level records of both tide gauges are
limited to a period of 27 years, which has an influence on the
estimation of return water levels. Arns et al. (2013) show that
30 years of data are sufficient to estimate water levels with long
return periods (>100 years). In our case, we estimate water
levels with a return period of 200 years, which corresponds
with the design heights of coastal protection in the region
(LKN, 2013). Although this is the best estimate based on
the available data, the above mentioned limitations should be
carefully considered when using this value. When considering
the documentation of single extreme events by WSA Lübeck
(2017), which extends beyond the period of the tide gauges,
three flood events over the last 150 years are equal to or
greater than our estimated 200-year return water level. Therefore,
we can assume that we are underestimating a 200-year water
level due to these historical events. The inclusion of such

historical events into the extreme value analysis is therefore
important, especially when the results influence policy on flood
protection. Furthermore, the magnitude of the calculated values
is highly dependent on the method used. For example, in 2012
the “Ministerium für Energiewende, Landwirtschaft, Umwelt
und ländliche Räume des Landes Schleswig-Holstein” (MELUR)
published a value of 2.11 m for a flood with a 200-year return
period in Eckernförde, whereas a value of 3.00 m was released
by PROKOM GmbH (2017). This underlines the uncertainties of
extreme water level estimates, which have to be outlined to avoid
misinterpretation of flood characteristics based on the modeling
of these extreme values.

Flood Characteristics of Temporally
Variable Hydrographs
Our simulations show that variations in flood characteristics are
affected by the temporal evolution of storm surge water levels.
While changes in inundation depth are comparatively small for
all modeled hydrographs, changes to flood extent between the
different modeled hydrographs are substantial. Further, changes
in flood extent are considerably larger when sea-level rise is
considered. This leads to the conclusion that the temporal
variability of storm surges is an important parameter to consider
when conducting flood risk analyses, especially when future sea-
levels are considered.

There are significant differences between H5 (shortest
duration and lowest intensity: Figure 4E) and the other
hydrographs with regard to both flood extent and maximum
inundation depth. The change in flood extent between H1 and
H5 is approximately twice as large as the difference between
H1 and the other three hydrographs. Inundation depth is at
least three to 9 cm lower during H5 than during all other
hydrographs. This decrease is also apparent in simulations
where sea-level rise is considered, which suggests a threshold of
duration in which flood impact does not change substantially.
If the duration of the storm surge is shorter than 40 h (such
as for H5) flood extent and inundation depth is noticeably
smaller. This is likely caused by declining water levels before
maximum inundation depth occurs. Further research is needed
to determine whether such assumptions can be validated by
additional simulations and whether a possible threshold in
duration can be identified.

In general, there are large differences in the flood
characteristics of all five hydrographs due to the length of time at
which maximum water levels are sustained. This is particularly
noticeable during H1 in combination with sea-level rise. Figure 4
outlines the temporal evolution of water levels during each
simulation. In H1, the water level curve is characterized by
a plateau (Figure 4A), where water levels remain at the peak
level for several hours. In contrast, the other hydrographs
show only one clear peak (Figures 4B–E). This leads to a
considerable increase in flood extent, especially when sea level
rise is considered. Here, water levels do not decline immediately
after the peak is reached, allowing for water to propagate further
inland. In the case of the municipality of Eckernförde, mostly the
lakeside and marshlands experience inundation.
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Exposure to Floods and Sea-Level Rise
There is a high range of uncertainty regarding the occurrence
and the development of extreme events such as storm surges
and sea-level rise. In our study we investigate the consequences
of two plausible scenarios in order to display the exposure of
the municipality of Eckernförde to future storm surges and
calculated the number of buildings intersecting the flooded area
to provide insights regarding exposed infrastructure and assets.
To accurately quantify potential damages, an impact assessment
could be conducted by applying depth-damage functions for
assets exposed to certain inundation depths (Büchele et al.,
2006). Additionally, other types of infrastructure such as roads
have to be regarded.

Flood exposure in Eckernförde is relatively small for the storm
surges with a 200-year return period. The exposed areas (20.10–
21.38 ha) are located mainly along the coastline, affecting a
maximum number of 60 buildings, leading to economic damages.
Since the embankment of the harbor area and also parts of the
northern shore are 1.80 m (above NHN) or lower, storm surges
below 2 m are capable of flooding parts of the city (PROKOM
GmbH, 2017). Although events with a 200-year return period
might not seem very likely to occur in the near term, the
probability that events of such magnitude will be exceeded
increases with regard to global sea-level rise over the century
(Wahl et al., 2017).

Hydrographs simulated with 1 m sea-level rise represent
examples of high-end extreme events. In their sea-level rise
projections for northern Europe under RCP 8.5., Grinsted et al.
(2015) highlight the development of the Antarctic ice sheet as
the main source of uncertainty, which accounts for 81% of the
variance in relative sea-levels. Including the risk and potential
rate of Antarctic ice sheet collapse, they consider an increase
in water levels of 1.70 m to be a possible high-end scenario
for the western Baltic Sea in the 21st century. Such events are
rare by definition, however, they are not unrealistic as higher
water levels have already been observed at this location in the
past. In 1872, a storm surge of 3.15 m caused immense damages
and resulted in a large loss of life. Therefore, it is important
that such scenarios are considered in flood risk assessment
(Hinkel et al., 2015).

Our results show large parts of the city are exposed to water
levels with a return period of 200 years. Exposure of the urban
center of Eckernförde is especially high where the historic city
center is located and the concentration of population and assets
is high. Up to 1192 properties could be affected under a future
sea-level rise of 1 m. Inundation depth in the city center mostly
exceeds 0.5 m with large concentrations of more than 1 m
depth in the western part and around the harbor. Apart from
severe damages to buildings and assets, flooding can lead to
traffic and transport disruption as streets become impassable.
The southern and northern parts of the study area experience
only little to moderate increases in flood extent. Since flooding
related damages are high, people expectedly will adapt to coastal
flooding and sea-level rise. In this investigation, the exposure
in the municipality is calculated with the current protection
level. Enhanced adaptation measures and protection schemes,

in turn, should substantially reduce damages of extreme events
over the next decades (Hinkel et al., 2014). This should be taken
into consideration.

CONCLUSION

This study quantifies uncertainties in flood extent and inundation
depth due to storm surge temporal variability using an
inundation model in the study area Eckernförde Bay. We
compared five artificial storm surge events with equal peak water
levels corresponding to a return period of 200 years and varying
durations and intensities, under present day and future high-end
sea level rise scenarios.

Based on this analysis we conclude that under current sea
levels, the effect of storm surge temporal variability is relatively
small, however, this is not the case when we consider sea-
level rise. Whereas differences in storm surge intensity are large
(approximately 70% between H1 and H5), changes in flood extent
and depth are small under present day sea levels (<10%). Such
changes are significantly larger under a sea-level rise scenario of
1 m (up to 21.85%). Therefore, in consideration of projected sea-
level rise until 2100, temporal variations in storm surges should
be particularly reflected in future coastal flood risk assessment
and management. The analysis of flood exposure shows that there
is a considerable increase in flood extent when a 1 m sea-level
rise scenario is combined with the scenario of a storm surge
with a return period of 200 years. The specific propagation of
water depends on the temporal evolution of the storm surge. This
is noticeable within the urban center and further west, in the
green urban areas and marshlands between the urban center and
Windebyer Noor. This research can be used for further analysis,
for instance, it can underpin the calculation of damages due to
flooding as well as estimations on how the range of possible
damages are affected by the temporal variability of extreme water
level events. As the urban center of Eckernförde is not well
protected against storm surges, there is a need for action to
reduce potential impacts by adaptation or protection measures.
These measures should not only focus on the prevention of
flooding, but also on how mitigation, preparedness and response
may reduce damages.
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